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Recent advances in soft-collinear effective theory with Glauber gluons have led to the development of a
new method that gives a unified description of inclusive hadron production in reactions with nucleons and
heavy nuclei. We show how this approach, based on the generalization of the DGLAP evolution equations
to include final-state medium-induced parton shower corrections for large Q2 processes, can be combined
with initial-state effects for applications to jet quenching phenomenology. We demonstrate that the
traditional parton energy loss calculations can be regarded as a special soft-gluon emission limit of the
general QCD evolution framework. We present phenomenological comparison of the SCETG-based results
on the suppression of inclusive charged hadron and neutral pion production in

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV lead-lead
collisions at the Large Hadron Collider to experimental data. We also show theoretical predictions for the
upcoming

ffiffiffiffiffiffiffiffi
sNN

p ≃ 5.1 TeV Pbþ Pb run at the LHC.

DOI: 10.1103/PhysRevD.93.074030

I. INTRODUCTION

Understanding parton shower formation and evolution is
central to perturbative quantum chromodynamics (pQCD)
[1]. Parton showers connect the short-distance physics of
hard, large Q2 scattering with the long-distance nonper-
turbative dynamics of hadronization; govern the formations
of jets [2,3]; and control the evolution of parton distribution
and fragmentation functions through the standard
Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) evo-
lution equations [4–6]. High energy scattering processes
naturally present a multiscale problem, ideally suited to
effective field theory treatment. Indeed, over the past
decade many of the advances in understanding parton
shower formation and the resummation of large logarithms
that arise from ratios of energy and momentum scales in
eþ þ e−, eþ p and pþ p have come from the well-
established soft-collinear effective theory (SCET) [7–11],
an effective theory of QCD for jet physics. Recently, SCET
has been extended to describe jet propagation in matter,
where the physical interactions with the medium are
mediated via Glauber gluon exchange [12–14]. The result-
ing effective theory SCETG has been used to derive all
OðαsÞ 1 → 2 medium-induced splitting kernels [15] and
discuss higher order Oðα2sÞ corrections to the medium-
modified jet substructure [16].
Such advances in the theory of in-medium parton

shower formation have allowed us to overcome some of

the inherent limitations of the traditional energy loss
approach in nucleus-nucleus (Aþ A) collisions (see for
example [17]) and to unify our understanding of energetic
particle and jet production in pþ p and Aþ A [18]. In the
current paper, we provide the details of the implementation
of the in-medium QCD evolution-based framework and
give an extended discussion of the connection between the
energy loss approach and our new method for evaluating
hadron production in the soft-gluon emission limit. To
address charged hadron and neutral pion production in
Pbþ Pb reactions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV, we combine the
medium-modified fragmentation functions with initial-state
cold nuclear matter effects. We find that this theoretical
model gives a good description of ALICE, ATLAS and
CMS experimental measurements [19–22] of jet quench-
ing, the attenuation in the production rate of energetic
particles and jets in heavy ion reactions relative to the pþ p
baseline scaled by the number of elementary nucleon-
nucleon interactions introduced in [23]. While limited
theoretical predictions for open heavy flavor at higher
center-of-mass energies have been made available [24],
results on light hadron production are generally absent from
the literature. We take this opportunity to present theoreti-
cal predictions for the anticipated Pbþ Pb run at

ffiffiffiffiffiffiffiffi
sNN

p ≃
5.1 TeV at the LHC. We note that the in-medium evolution
approach has been previously applied to semi-inclusive
deep inelastic scattering [25,26].
The rest of our paper is organized as follows. In Sec. II,

we discuss the strengths and limitations of the traditional
energy loss approach to facilitate our comparison with the
new QCD evolution technique. In Sec. III, we provide
details on how to derive the full medium-induced splitting
functions and fix the virtual correction pieces through
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flavor and momentum sum rules. We demonstrate the
connection between the energy loss approach and the
QCD evolution framework in the soft-gluon approxima-
tion. In Sec. IV, we combine the final-state in-medium
parton shower evolution with initial-state effects to provide
a detailed comparison to the experimental data on inclusive
hadron production at the LHC. We conclude our paper in
Sec. V. The full result for the medium-induced splitting
kernels, some details about the phenomenological imple-
mentation and numerical evaluation of these kernels, and
details about the implementation of cold nuclear matter
effects are collected in the Appendix.

II. THE ENERGY-LOSS-BASED APPROACH

High transverse momentum production of energetic
particles in relativistic heavy ion collisions has played an
essential role in probing the properties of the quark-gluon
plasma (QGP) at the Relativistic Heavy Ion Collider
(RHIC) and the Large Hadron Collider (LHC). It was
realized early on that as energetic quarks and gluons
propagate through the QGP, they will interact with
the medium and lose energy via collisional and radiative
processes. The related attenuation of particle flux, com-
monly referred to as jet quenching [23,27] has attracted
tremendous attention from both the theoretical and
experimental communities. There has been great progress
in studying jet quenching phenomena based on the
parton energy loss picture, ranging from inclusive
light hadron and heavy meson production [19–21,28–36]
to dihadron correlations [37–40] and γ þ hadron correla-
tions [41–44].
An important step forward in understanding hard proc-

esses in the presence of a QCD medium was to realize that

reconstructed jets will also be modified [45] and to develop
a theory that describes and connects jet cross section and jet
substructure related observables in heavy ion reactions
[46]. Theoretical predictions compared to experimental
measurements of inclusive jet [47–49], dijet [48,50–52],
Z0=γ-tagged jet [53–56] and heavy flavor jet production
[57–59] have allowed characterization of the angular and
momentum distributions of the soft medium-induced gluon
bremsstrahlung. One approximation that is inherent in
radiative energy-loss-based predictions is that the fractional
energy loss for the parent partons per emitted gluon is small
and, thus, the parent partons do not change their identity.
This limit is usually referred to as the soft-gluon limit (or
small-x limit, where x ¼ kþ=pþ

0 is the light-cone momen-
tum fraction carried away by the gluon). Large energy loss
in this case proceeds through multiple gluon emission.
Large energy loss can also result from collisional draglike
processes for the in-medium parton shower [60,61] both in
the weak and the strong coupling limits.
Two approaches to parton energy loss, the high twist

(HT) approach [62,63] and the Guylassy-Levai-Vitev
(GLV) approach [64,65] generalized to massive partons
by Djordjevic [66], start with the picture of factorization of
hard processes in QCD and treat the medium-induced
splittings as process-dependent radiative corrections to the
factorized expressions for hadronic, leptonic and jet
observables. This makes it conceptually simpler to general-
ize the soft-gluon emission limit to full parton shower
treatment. We briefly discuss the energy loss approach on
the example of the GLV solution for the medium-induced
radiative spectrum. To the first order in opacity [67], the
distribution of inclusive gluon radiation is given by

x
d3Ng

dxd2k⊥
¼ CRαs

π2

Z
L

0

dΔz
λg

Z
d2q⊥

1

σel

d2σmedium
el

d2q⊥
2k⊥ · q⊥

k2⊥ðk⊥ − q⊥Þ2
�
1 − cos

�ðk⊥ − q⊥Þ2
xpþ

0

Δz
��

; ð1Þ

where CR is the quadratic Casimir in the fundamental or
adjoint representation of SU(3) when the parent parton is a
quark or a gluon, respectively. In Eq. (1) λg is the gluon
scattering length of Oð1 fmÞ, x ¼ kþ=pþ

0 ≈ ω=E is the
fractional energy of the parent parton carried by the emitted
gluon, k⊥ is its momentum transverse to the jet axis while
q⊥ is the transverse momentum exchange between the

propagating parton and the QGP, and 1
σel

d2σmedium
el

d2q⊥
is the

normalized differential distribution of the elastic scattering.
The details of evaluating such a double differential dis-
tribution in Eq. (1) are given in, e.g., Refs. [46,47,67]. From
this distribution one can obtain the gluon number/intensity
spectra, as well as the average gluon number/parton energy
loss:

dNg

dx
¼
Z

d2k⊥
d3Ng

dxd2k⊥
;

hNgi ¼
Z

dx
dNg

dx
; hΔEi ¼

Z
dxxE

dNg

dx
: ð2Þ

There has also been recent interest in the scale dependence
of the transport properties of matter probed in scattering
and energy loss processes [68].
Despite the success of jet quenching phenomenology

described above, it is now clear that qualitative advances in
understanding QCD in the heavy ion environment are
needed. Radiative energy loss calculations cannot be
systematically improved because this approach is well
defined only in the soft-gluon emission limit when the
parent parton does not change its identity. Thus, the concept
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of a higher order energy loss calculation is not well defined.
Furthermore, for quarks and gluons to lose a sizable
fraction of their energy would require the process to take
place through multiple gluon emission. Precluding hard
splitting processes can significantly affect the accuracy of
the theoretical predictions for dihadron correlations, tagged
jets and dijets [18]. Detailed understanding of in-medium
showers is also a prerequisite for incorporating collisional
energy loss. Most importantly, the energy loss approach
cannot incorporate the advances in understanding higher
order calculations and resummation in the standard pQCD
and SCET frameworks.
Given the success of parton energy loss phenomenology,

it is important to also validate this vast body of existing
work and demonstrate the connection to the general QCD
evolution framework in the presence of a medium. In
Ref. [18] it was shown numerically in great detail that for
sufficiently inclusive observables, such as high pT hadron
production, the two approaches give practically identical
results when multiple gluon emission is considered [69].
Any differences can be reabsorbed in a ≲5% change of the
coupling g between the jet and the medium. We demon-
strate below that the energy loss approach is related to a
special soft-gluon limit solution to the DGLAP evolution
equations with full splitting functions, when the medium-
induced corrections are included.

III. SPLITTING FUNCTIONS AND QCD
EVOLUTION OF FRAGMENTATION FUNCTIONS

In this section we review the splitting functions in both
the vacuum and a QCDmedium. These govern the DGLAP
evolution equations of fragmentation functions which
encode the effect of multiple gluon emission. We will
show that this QCD-evolution-based formulation is con-
nected to the energy loss approximation in the soft-gluon
limit. Since the evolution equations do not make this
approximation, they consistently take into account the
full-x effects in the medium, including flavor changing
processes g ↔ q, q̄.

A. Splitting functions and DGLAP
evolution in the vacuum

First, we will review the leading-order splitting functions
in the vacuum. These are well known and reproduced using
the SCET collinear Lagrangian [15,70]. The real emission
contribution of the splitting kernels is calculated from
the tree level diagrams of 1 → 2 splitting. In the splitting
a → bc we define x to be the momentum fraction of the
second final-state parton c. For example, in the splitting
q → qg, the gluon carries the fraction x of the parent quark
momentum. This is opposite, x ↔ 1 − x, to traditional
notation but ensures that x ≪ 1 corresponds to the soft-
gluon emission limit. With this convention, the q → qg
splitting kernel reads

dNðiÞ
vac

dxd2k⊥
¼ αs

2π2
CF

1þ ð1 − xÞ2
x

1

k2⊥
≡ αs

2π2
1

k2⊥
Pvac;real
qq ðxÞ;

ð3Þ

where ðiÞ ¼ q → qg and the subscript “vac” represents the
splitting functions in the vacuum, and

Pvac;real
qq ðxÞ ¼ CF

1þ ð1 − xÞ2
x

; ð4Þ

is the corresponding leading-order splitting function.
Similarly,

Pvac;real
gg ðxÞ ¼ 2CA

�
1 − x
x

þ x
1 − x

þ xð1 − xÞ
�
; ð5Þ

Pvac;real
gq ðxÞ ¼ TRðx2 þ ð1 − xÞ2Þ; ð6Þ

Pvac;real
qg ðxÞ ¼ CF

1þ x2

1 − x
: ð7Þ

Note that the splitting functions are labeled as Pvac;real
ab ðxÞ

for a → bc splittings. In the energy loss approximation, the
parent parton a emits away the soft parton c, and the parton
b subsequently fragments into hadrons.
To include the virtual contributions, we use the flavor

and momentum sum rules [6] to fix the coefficients of the δ-
function pieces in the splitting functions. The splitting
functions combining real and virtual contributions take the
following forms,

Pvac
qq ðxÞ ¼ ½Pvac;real

qq ðxÞ�þ þ AδðxÞ; ð8Þ

Pvac
gg ðxÞ ¼ 2CA

��
1 − 2x

x
þ xð1 − xÞ

�
þ
þ 1

1 − x

�
þ BδðxÞ;

ð9Þ

Pvac
gq ðxÞ ¼ Pvac;real

gq ðxÞ; ð10Þ

Pvac
qg ðxÞ ¼ Pvac;real

qg ðxÞ; ð11Þ

where we have written the real emission contributions as
plus functions. The last two splitting functions do not have
δ-function pieces since there does not exist a one-loop
virtual diagram which would change the flavor of the
parton. The flavor and momentum conservation sum rules
are given by Z

1

0

Pvac
qq ðxÞdx ¼ 0; ð12Þ

Z
1

0

½Pvac
qq ðxÞ þ Pvac

qg ðxÞ�ð1 − xÞdx ¼ 0; ð13Þ
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Z
1

0

½2nfPvac
gq ðxÞ þ Pvac

gg ðxÞ�ð1 − xÞdx ¼ 0; ð14Þ

with nf the number of active quark flavors. Because Pvac;real
qq

and Pvac;real
qg are related by x ↔ 1 − x, the second sum rule

follows from the first one. Therefore we obtain

A ¼ 0; ð15Þ

B ¼
Z

dx0
�
2CA

�
x0
�
1 − 2x0

x0
þ x0ð1 − x0Þ

�
− 1

�

− 2nfð1 − x0ÞPvac
g→qq̄ðx0Þ

�

¼ −
11CA

6
−
2nfTR

3
: ð16Þ

Note that our plus function pieces are defined slightly
differently than those in the literature. In particular, we
combine some extra x-dependent terms into the plus
functions and there is a difference between ½fðxÞ=x�þ
and fðxÞ=ðxÞþ. In the small-x approximation, the real
contributions to the splitting functions reduce to

Pvac;real
qq ðxÞ ≈ 2CF

x
; Pvac;real

gg ðxÞ ≈ 2CA

x
; ð17Þ

Pvac;real
gq ðxÞ ≈ 0; Pvac;real

qg ðxÞ ≈ 0: ð18Þ

The flavor-diagonal splitting functions dominate, and the
parton does not change its flavor in this limit.
The fragmentation functions satisfy the DGLAP evolu-

tion equations,

dDh=qðz;QÞ
d lnQ

¼ αsðQÞ
π

Z
1

z

dz0

z0

�
Pvac
q→qgðz0ÞDh=q

�
z
z0
; Q

�
þ Pvac

q→gqðz0ÞDh=g

�
z
z0
; Q

��
; ð19Þ

dDh=gðz;QÞ
d lnQ

¼ αsðQÞ
π

Z
1

z

dz0

z0

�
Pvac
g→ggðz0ÞDh=g

�
z
z0
; Q

�
þ Pvac

g→qq̄ðz0Þ
X
q

Dh=q

�
z
z0
; Q

��
; ð20Þ

where we have relabeled the splitting functions with
jk⊥j ¼ Q and z ¼ 1 − x. It is instructive to emphasize that
the lnQ-enhancement in the above DGLAP evolution
equations can be traced back to the 1=k2⊥ behavior in
dN

dxd2k⊥
over a broad phase space in Q; see Eq. (3). We will

comment how such a connection changes in the medium
case. The evolved fragmentation functions can be used to
describe the inclusive hadron transverse momentum spec-
trum in pþ p collisions. In the next subsection we will
follow a similar procedure to describe fragmentation
function evolution in Aþ A collisions.

B. Medium-induced splitting functions
and generalized DGLAP evolution

The real contributions of the medium-induced splitting
kernels have been computed using SCETG [15] to the first
order in opacity. Quark-gluon splitting dressed with multi-
ple soft interactions beyond the soft emission limit has also
been considered [71,72]. Following the same definition as
in Eq. (3), we have

dNðiÞ
med

dxd2k⊥
¼ αs

2π2
1

k2⊥
Pmed;real
i ðx; k⊥Þ; ð21Þ

where the subscript “med” emphasizes the medium-specific
contribution, and i ¼ q → qg, q → gg, g → qq̄ and
q → gq. Also, we define hiðx; k⊥; βÞ as the ratio of the

medium and the vacuum real emission splitting
functions:

Pmed;real
q→qg ðx;k⊥;βÞ¼CF

1þð1−xÞ2
x

hq→qgðx;k⊥;βÞ; ð22Þ

Pmed;real
q→gg ðx; k⊥; βÞ ¼ 2CA

�
1 − x
x

þ x
1 − x

þ xð1 − xÞ
�

× hg→ggðx; k⊥; βÞ; ð23Þ

Pmed;real
g→qq̄ ðx; k⊥; βÞ ¼ TRðx2 þ ð1 − xÞ2Þhg→qq̄ðx; k⊥; βÞ;

ð24Þ

Pmed;real
q→gq ðx; k⊥; βÞ ¼ CF

1þ x2

1 − x
hq→gqðx; k⊥; βÞ: ð25Þ

Here the index β represents the medium properties, such as
the medium size and temperature, which enter the medium-
induced splitting function calculations. We have included
the results for hiðx; k⊥; βÞ in Appendix A.
We expect the real plus virtual medium-induced splitting

functions to have the following form,

Pmed
q→qgðx; k⊥; βÞ ¼ ½Pmed;real

q→qg ðx; k⊥; βÞ�þ þ Aðk⊥; βÞδðxÞ;
ð26Þ
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Pmed
g→ggðx; k⊥; βÞ ¼ 2CA

���
1 − 2x

x
þ xð1 − xÞ

�
hg→ggðx; k⊥; βÞ

�
þ
þ hg→ggðx; k⊥; βÞ

1 − x

�
þ Bðk⊥; βÞδðxÞ; ð27Þ

Pmed
g→qq̄ðx; k⊥; βÞ ¼ Pmed;real

g→qq̄ ðx; k⊥; βÞ; ð28Þ

Pmed
q→gqðx; k⊥; βÞ ¼ Pmed;real

q→gq ðx; k⊥; βÞ: ð29Þ

From momentum and flavor sum rules, the coefficients A and B, which in this case are functions of k⊥ and medium
properties β, are equal to

Aðk⊥; βÞ ¼ 0; ð30Þ

Bðk⊥; βÞ ¼
Z

dx0
�
2CA

�
x0
�
1 − 2x0

x0
þ x0ð1 − x0Þ

�
− 1

�
hg→ggðx0; k⊥; βÞ − 2nfð1 − x0ÞPmed

g→qq̄ðx0; k⊥; βÞ
�
: ð31Þ

The full splitting functions in the medium are equal to the
sum of the vacuum and the medium-induced ones

Pfull
i ðx; k⊥; βÞ ¼ Pvac

i ðxÞ þ Pmed
i ðx; k⊥; βÞ: ð32Þ

Note that whereas the vacuum splitting functions are
functions of the momentum fraction x alone, the
medium-induced splitting functions depend on both x
and k⊥. Furthermore, Pmed

i ðx; k⊥; βÞ ¼ Pmed;1
i ðx; k⊥; βÞ þ

Pmed;2
i ðx; k⊥; βÞ þ � � � can be calculated order by order in

the correlation between the hard scattering and the parton
interactions in the medium, also known as opacity
expansion. For medium-induced branching, only
Pmed;1
i ðx; k⊥; βÞ is known beyond the soft-gluon emission

limit [15] and we use this result in the paper. In the
small-x limit, the full splitting functions in the medium
reduce to

Pfull
q→qgðx; k⊥; βÞ ¼

2CF

ðxÞþ
þ
�
2CF

x
hsgaðx; k⊥; βÞ

�
þ
; ð33Þ

Pfull
g→ggðx; k⊥; βÞ ¼

2CA

ðxÞþ
þ
�
2CA

x
hsgaðx; k⊥; βÞ

�
þ
; ð34Þ

Pfull
g→qq̄ðx; k⊥; βÞ ¼ 0; ð35Þ

Pfull
q→gqðx; k⊥; βÞ ¼ 0; ð36Þ

where the function hsgaðx; k⊥; βÞ is the same for quark and
gluon splitting and can be found in Appendix B. (The
superscript “sga” stands for “soft-gluon approximation.”)

Different evolution equations have been discussed in
the literature, the best-known examples being Balitsky-
Fadin-Kuraev-Lipatov (BFKL) [73,74] (evolution in x)
and DGLAP (evolution in virtuality or jk⊥j). In the case
of large Q2 processes, it has been shown [75] that the
lowest order DGLAP evolution generically arises in
parton showers. Evolution equations can be derived from
the probabilistic interpretation of splitting processes
inside such a shower. This probabilistic interpretation
remains the same in the presence of in-medium inter-
actions, as long as all relevant interference terms for the
final-state interactions in the medium are included prop-
erly in the full splitting functions [15]. In this paper we
discuss final-state parton showers, where the virtuality
and jk⊥j ∼Q are the largest in the hard scattering and it
decreases with branching. This is explicitly taken into
account in the calculation of the relevant in-medium
slitting kernels that we use in this study. It is worth
noting that in the general equation [i.e. Eq. (32)] they
enter as process-dependent corrections to the leading
vacuum splittings.
The full splitting functions in the medium, Pfull

i in
Eq. (32), govern the evolution of fragmentation functions
in the medium. Parton shower cascades in the medium
behave similarly to the vacuum ones [16] and the momen-
tum scaling λ ≪ 1 of the momentum transfers from the
QCD medium [14], which are integrated over, does not
change the chain of virtuality decay in the final state. This is
actually a theoretical requirement from SCETG when it was
originally derived [12,14]. Thus, within such a cascade
picture, one might write down a generalized DGLAP-type
evolution equation in the medium as follows:

dDh=qðz;QÞ
d lnQ

¼ αsðQÞ
π

Z
1

z

dz0

z0

�
Pfull
q→qgðz0; Q; βÞDh=q

�
z
z0
; Q

�
þ Pfull

q→gqðz0; Q; βÞDh=g

�
z
z0
; Q

��
; ð37Þ

dDh=gðz;QÞ
d lnQ

¼ αsðQÞ
π

Z
1

z

dz0

z0

�
Pfull
g→ggðz0; Q; βÞDh=g

�
z
z0
; Q

�
þ Pfull

g→qq̄ðz0; Q; βÞ
X
q

Dh=q

�
z
z0
; Q

��
: ð38Þ
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A couple of comments are in order. First, since we follow
the same cascade approximation, the modified DGLAP
evolution equations in the medium have the same form as
those in the vacuum in Eqs. (19) and (20), with only the
vacuum splitting functions Pvac

i replaced by the full
splitting functions Pfull

i . Second, such modified evolution
equations still have the logarithmic lnQ-enhancement. This
is because the full medium-induced splitting functions are
equal to the sum of the vacuum and the medium-induced
ones, as in Eq. (32). The vacuum ones are always
accompanying 1=k2⊥ as in Eq. (3) and thus have the
logarithmic enhancement. At the same time, the
medium-specific term, i.e., 1

k2⊥
Pmed;real
i ðx; k⊥Þ is finite in

the strict k⊥ → 0 limit due to the Landau-Pomeranchuk-
Migdal effect [15]. Eventually, since the full medium-
induced splittings are the sum of the two, they thus still
contain the logarithmic enhancement from the large Q2

phase space. This justifies the usage of a similar DGLAP-
type evolution equation in the medium, which is true at
least within the cascade approximation we are taking.

Similar studies along this line but within a different
theoretical framework have been considered in, e.g.,
Refs. [26,62]. In the next subsection, we will see how
these evolution equations encode the effect of parton
energy loss from multiple soft-gluon emissions.

C. From QCD evolution to energy loss

In the soft-gluon emission limit, the approximate sol-
utions to the evolution equations for fragmentation func-
tions are connected to the energy loss of quarks and gluons.
In this limit, the evolution equations in both the vacuum and
the medium simplify and decouple,

dDh=cðz;QÞ
d lnQ

¼ αs
π

Z
1

z

dz0

z0
½Pc→cgðz0; QÞ�þDh=cðz=z0; QÞ:

ð39Þ

The vacuum DGLAP evolution equations can be written
explicitly as

dDvac
h=cðz;QÞ
d lnQ

¼ 2CR
αs
π

�Z
1

z
dz0

1

1 − z0

�
1

z0
Dvac

h=cðz=z0; QÞ −Dvac
h=cðz;QÞ

�
þDvac

h=cðz;QÞ lnð1 − zÞ
�
; ð40Þ

and we expand the integrand around the end point z0 ¼ 1. Note thatDvac
h=cðz;QÞ falls steeply with increasing z, and we define

nðzÞ ¼ −
d lnDvac

h=cðzÞ
d ln z

ð41Þ

as a measure of the steepness of the fragmentation functions. To modified leading logarithmic accuracy, we neglect
the Q dependence in nðzÞ and use the one-loop running of the strong coupling αsðQÞ ¼ 1=ðb0 ln Q2

Λ2
QCD

Þ where

b0 ¼ ð11CA − 4nfTRÞ=ð12πÞ. The evolution equations can be solved in closed forms,

Dvac
h=cðz;QÞ ¼ exp

�
−
CR

π

1

b0
ln

 
ln Q

ΛQCD

ln Q0

ΛQCD

!
f½nðzÞ − 1�ð1 − zÞ − lnð1 − zÞg

�
Dvac

h=cðz;Q0Þ: ð42Þ

Following a similar procedure, we find that the solutions to the generalized DGLAP evolution equations in the
medium are

Dmed
h=c ðz;QÞ ¼ exp

�
−
CR

π

1

b0
ln

 
ln Q

ΛQCD

ln Q0

ΛQCD

!
f½nðzÞ − 1�ð1 − zÞ − lnð1 − zÞg

�
Dvac

h=cðz;Q0Þ

× exp

�
−½nðzÞ − 1�

�Z
1−z

0

dz0z0
Z

Q

Q0

dQ0 dN
dz0dQ0

�
−
Z

1

1−z
dz0
Z

Q

Q0

dN
dz0dQ0

�
: ð43Þ

This equation can be further written as

Dmed
h=c ðz;QÞ¼Dvac

h=cðz;QÞexp
�
−½nðzÞ−1�

	
ΔE
E



z
−hNgiz

�
; ð44Þ

where
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ΔE
E



z
¼
Z

1−z

0

dxx
dN
dx

ðxÞ; ð45Þ

hNgiz ¼
Z

1

1−z
dx

dN
dx

ðxÞ: ð46Þ

Note that the vacuum evolution and medium correction
effects factorize, as can be seen in Eqs. (43) and (44), and
the medium causes an attenuation of the fragmentation
functions. Also, both hΔEE iz and hNgiz depend on the scale
Q through

dN
dx

¼
Z

Q

Q0

dQ0 dN
dx0dQ0 ð47Þ

and

	
ΔE
E



z
⟶
z→0
	
ΔE
E



; hNgiz⟶

z→1 hNgi: ð48Þ

For small to intermediate values of z, the suppression of the
fragmentation functions (and hence the inclusive hadron
suppression factor) is controlled by the fractional energy
loss hΔEE i and the steepness nðzÞ of fragmentation functions.
On the other hand, for values of z ≈ 1, the suppression
factor becomes ∼ expð−hNgiÞ, which is the probability of
not emitting a gluon. Both behaviors are the same as in the
energy loss formalism. This shows the connection between
the QCD evolution approach and the energy loss formalism
in the small-x approximation.

IV. INCLUSIVE HADRON SUPPRESSION
IN PBþ PB COLLISIONS AT THE LHC

In this section we compare our calculations to the LHC
Pbþ Pb run I data (Aþ A), and make predictions for run II
(Aþ A). We focus on single inclusive hadron production in
Pbþ Pb collisions of the form Aþ B → hðpT; yÞ þ X,
where A and B are the incoming nuclei, and h is the
hadron with transverse momentum pT and rapidity y,
respectively. In the first part of this section, we compare
with the experimental data in Pbþ Pb run I at a center-of-
mass energy per nucleon-nucleon pair

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV.
The second part is devoted to the theoretical predictions for
the Pbþ Pb run II at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.1 TeV. The nuclear
modification of single inclusive hadrons in Pbþ Pb colli-
sions can be quantified through the nuclear modification
factor RAA:

RAAðpTÞ ¼
dσhAA=dyd

2pT

hNcollidσhpp=dyd2pT
; ð49Þ

where hNcolli is the average number of binary nucleon-
nucleon collisions and is computed at a given centrality,
and dσhAA=dyd

2pT and dσhpp=dyd2pT are the differential
cross sections of inclusive hadron production in Aþ A and
pþ p collisions, respectively. Unless otherwise specified,
we focus on the single hadron production around the
midrapidity region, and consider two centrality classes:
(1) the most central collisions (0%–10%) with average
number of participants Npart ¼ 350; (2) the midperipheral
collisions (30%–50%) with average number of participants
Npart ¼ 110. Experimental results are often presented in
different centrality classes and, for comparison, we show
data sets with Npart closest to our calculations.
The invariant inclusive hadron production cross section

in pþ p collisions can be written as

dσhpp
dyd2pT

¼
X
c

Z
dz
z2

dσ̂cðpTc
¼ pT=zÞ

dyd2pTc

Dvac
h=cðz;QÞ; ð50Þ

while the corresponding cross section in Aþ A collisions
reads

1

hNcolli
dσhAA

dyd2pT
¼
X
c

Z
dz
z2

dσ̂CNMc ðpTc
¼pT=zÞ

dyd2pTc

Dmed
h=c ðz;QÞ:

ð51Þ

In both equations, c ¼ fq; q̄; gg, and Dvac
h=cðz;QÞ and

Dmed
h=c ðz;QÞ are the parton-to-hadron fragmentation func-

tions in vacuum and QGP medium evolved between the
hardest and lowest scales, respectively. They are obtained
from the vacuum and medium evolution equations, as given
in Eqs. (19)–(20) and (37)–(38), respectively. For the
vacuum input, we take Kniehl-Kramer-Potter fragmenta-
tion functions [76], and choose the factorization, fragmen-
tation, and renormalization scalesQ ¼ pTc

in the following
numerical calculations.
In Eq. (51) dσcðpc ¼ pT=zÞ=dyd2pTc

is the hard parton
production cross section, while dσCNMc ðpc ¼ pT=zÞ=
dyd2pTc

is the same hard parton production cross sections
calculated with isospin and initial-state cold nuclear matter
(CNM) effects. All CNM effects considered, which include
dynamical nuclear shadowing [77], the Cronin effect
[78,79] and initial-state parton energy loss [67,80,81], have
clear physical/dynamical origin centered around the picture
of multiple parton scattering [82]; see Appendix D for
implementation.
In pþ A collisions there is one target nucleus to generate

CNM effects through the elastic, inelastic, and coherent
scattering of the incoming and outgoing partons. In Aþ A
there are two nuclei and we expect that the cross section
modification will be a superposition of the corresponding
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modifications. This does not necessarily imply that the
cross section modification in Aþ A reactions due to CNM
effects is simply twice the cross section modification in
pþ A reactions. The precise numerical value depends on
the rapidity y of the produced particles. For example, at
very forward rapidity the Bjorken momentum fraction of
one of the hard-scattering partons is xa ∼ 1, which ampli-
fies the effect of cold nuclear matter energy loss but
eliminates coherent power corrections. The opposite is
true for the second parton with Bjorken momentum fraction
xb ≪ 1. It is only at midrapidity, due to the symmetry in the
problem, that the nuclear modification due to cold nuclear
matter effects in Aþ A is roughly double the nuclear
modification expected in pþ A collisions [30,83]. An
alternative approach would be to include CNM effects in
nuclear parton distributions; see e.g. [84,85].
In the region of interest pT > 5 GeV dynamical nuclear

shadowing/power corrections are negligible. The Cronin
effect can play a role up to pT ≃ 10 GeV. The effect of
initial-state cold nuclear matter (CNM) energy loss can be
amplified near kinematic bounds [86] and is the only cold
nuclear matter effect relevant to our high pT phenomenol-
ogy. While at moderate transverse momenta ALICE mea-
surements in

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV pþ pb collisions [87] are
only compatible with small cold nuclear matter energy loss
[88], ATLAS jet measurements [89] for the same system
allow for considerably larger CNM effects [90]. It is, thus,
important to explore at least a limited range of possibilities
for cold nuclear matter energy loss.

A. Comparison to LHC Pbþ Pb run I data

We are now ready to compare our calculations to the
existing experimental data from the LHC Pbþ Pb run I on
single inclusive hadron production. We will present calcu-
lations both with and without cold nuclear matter energy
loss. There is a tradeoff in the nuclear modification factor
RAA of inclusive hadrons between the in-medium modifi-
cation of fragmentation functions, driven by the coupling g
between the hard partons and the QGP medium, and the
strength of cold nuclear matter energy loss. In the region
pT < 50 GeV, where the experimental error bars are the
smallest, a calculation with cold nuclear energy loss and
smaller coupling g gives very similar description to the
calculation without cold nuclear matter energy loss and
slightly larger coupling g. We cannot favor one scenario
versus the other based upon existing inclusive hadron
suppression data alone. As we will show in the next
subsection, by going to higher pT with LHC Pbþ Pb
run II the differences become more pronounced and this
might provide an opportunity to better separate those
scenarios. Of course, keeping the coupling constant g
fixed, for example g ¼ 1.9, and performing calculations
with and without cold nuclear matter energy loss will result

in a slightly different magnitude of RAA, as we will
demonstrate at the end of this subsection.
In Fig. 1, we present our results for the nuclear modi-

fication factor RAA for charged hadrons compared to data
from Pbþ Pb collisions at the LHC

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV
measured by the ATLAS Collaboration. In the top row of
panels we show the comparison with central (0%–5%)
collisions, while the middle row shows midperipheral
(30%–40%) collisions. For these two rows, the left panel
does not include CNM energy loss, while the right panel
does. The uncertainty bands represent the variation in the
coupling strength between the jet and the medium. For the
case without CNM energy loss it is g ¼ 2.0� 0.1, with
the upper (lower) edge corresponding to g ¼ 1.9 (g ¼ 2.1).
For the case with CNM energy loss it is g ¼ 1.9� 0.1, with
the upper (lower) edge corresponding to g ¼ 1.8 (g ¼ 2.0).
As one can see, our calculations well reproduce the

suppression of inclusive charged hadron production in 0%–
5% central Pbþ Pb collisions at the LHC measured by the
ATLAS Collaboration. Below pT ¼ 50 GeV both evalua-
tions give comparable description of the experimental data,
though the inclusion of the CNM energy loss leads to
slightly larger curvature and, thus, better agreement with
the data in the high transverse momentum region. If other
components of the calculation have negligible uncertain-
ties, the coupling g between the jet and the medium can be
constrained with an accuracy of 5% and the transport
properties of the medium can, thus, be extracted with 20%
uncertainty as they scale as g4. When comparing to the
30%–40% Pbþ Pb collisions, as measured by the ATLAS
Collaboration, both sets of results describe data equally
well within the statistical and systematic uncertainties.
To better understand the relative contribution of initial-

state CNM energy loss and final-state QGP effects, we
combine the calculations with different combinations of g
and CNM energy loss in the bottom two panels of Fig. 1,
for both central (left) and midperipheral (right) Pbþ Pb
collisions. The dashed cyan curves are the calculated RAA
with g ¼ 2.0 in the absence of the CNM energy loss, while
the solid magenta curves are the suppression with g ¼ 1.9
that includes the CNM energy loss effect. We find that at
relatively low pT ≲ 25 GeV, the two curves are degenerate
and yield practically the same suppression. However, at
high pT ≳ 75 GeV, the calculations with the CNM energy
loss effect included appear to describe the data slightly
better, even though the current experimental uncertainty
cannot definitively resolve such a difference. We further
illustrate such a “degeneracy” for midperipheral Pbþ Pb
collisions in the middle panels of Fig. 1: both the
calculations with g ¼ 2.0� 0.1 without CNM energy loss
in the left panel, and the one with g ¼ 1.9� 0.1 but with
CNM energy loss in the right panel, describe the ATLAS
charged hadron suppression equally well.
Similarly, we compare our calculations to ALICE

charged hadron production [19] in central and

CHIEN, EMERMAN, KANG, OVANESYAN, and VITEV PHYSICAL REVIEW D 93, 074030 (2016)

074030-8



midperipheral Pbþ Pb collisions at the LHC
ffiffiffiffiffiffiffiffi
sNN

p ¼
2.76 TeV in the top and middle panels of Fig. 2, respec-
tively. The top panels show data sets for both 0%–5% and
5%–10% centrality classes. Similarly, the middle panels

show both 30%–40% and 40%–50% centrality classes.
These experimental centralities bracket the centralities used
for our theoretical calculation and, therefore, we expect that
theoretical calculations will fall between the respective
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FIG. 1. The nuclear modification factor RAA for charged hadrons is calculated in central Pbþ Pb collisions at the LHCffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV, and compared with the ATLAS experimental data [21]. Top left panel: Central collisions without CNM energy
loss, and bands represent the variation of the coupling strength g ¼ 2.0� 0.1. Top right panel: Central collisions with CNM energy loss,
and bands represent the variation of the coupling strength g ¼ 1.9� 0.1. Middle panels are the same as the top panels but calculated in
midperipheral Pbþ Pb collisions. Bottom panels: The comparison of our calculations with ATLAS charged hadron suppression
measurements in central (left) as well as midperipheral (right) Pbþ Pb collisions. The dashed cyan curves are for the coupling strength
g ¼ 2.0 without CNM energy loss, while the solid magenta curves are for the coupling strength g ¼ 1.9 with CNM energy loss.
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centrality classes. This is indeed the case in Fig. 2. In the
midperipheral case, the middle panels of Fig. 2, the
calculations are still compatible with the experimental
data, though the suppression measured by ALICE is
slightly larger than the one seen by ATLAS.
The relative contribution of initial-state CNM energy

loss and final-state QGP effects is again illustrated in the

bottom panels of Fig. 2. In the transverse momentum range
covered by ALICE measurements it is not possible to
differentiate between the curves that have g ¼ 2.0 but do
not include CNM energy loss and the curves that have
g ¼ 1.9 and include CNM energy loss.
Last but not least, we compare our results to CMS

measurements of inclusive charged hadron suppression in
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FIG. 2. Same as in Fig. 1 except the comparison is made to ALICE charged hadron data for the RAA for Pbþ Pb collisions at the LHCffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV.
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central and midperipheral collisions. As in the comparison
with ALICE data, the top panels of Fig. 3 show both 0%–5%
and 5%–10% centrality classes while the middle panels of
Fig. 3 show the 30%–40% and 40%–50% centrality classes.
There is a one-to-one correspondence between Fig. 3 for the
CMS comparison to Fig. 1, for the ATLAS comparison and
Fig. 2, for the ALICE comparison. The comparison with

CMS data supports the conclusions drawn from our com-
parison with the ATLAS and ALICE data sets.
We now move on to compare our calculations of RAA ’s

for neutral pion production to the ALICE measurements in
both central and midperipheral Pbþ Pb collisions at the
LHC in Fig. 4. The top panels of Fig. 4 show ALICE data in
the 0%–5% and 5%–10% centrality classes, while the
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FIG. 3. Same as in Fig. 1 except the comparison is made to CMS charged hadron data for the RAA for Pbþ Pb collisions at the LHCffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV.
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middle panels of Fig. 4 show data in the 40%–60%
centrality class. Surprisingly, the suppression pattern for
neutral pions measured by the ALICE Collaboration shows
different behavior from the charged hadron measurements:
instead of showing decreasing suppression as a function of
pT , the neutral pion RAA data from ALICE indicates a

constant (or even slightly increasing) suppression over the
pT range.
There is very little difference in the theoretical calcu-

lations for neutral pion production and charged hadron
production as seen in all the figures and theoretical
predictions for

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.1 TeV given in the next section.
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FIG. 4. Same as in Fig. 1 except the comparison is made to ALICE neutral pions data for the RAA for Pbþ Pb collisions at the LHCffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV.
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This is expected from isospin symmetry π0 ¼ ðπþ þ π−Þ=2
[76], and the fact that at high transverse momenta charged
pion production dominates the charged hadron multiplic-
ities. It would be quite useful if additional measurements of
neutral pion production in Pbþ Pb reactions can be
performed to higher transverse momenta for comparison
with inclusive charged hadron suppression.
Finally, we note that keeping the coupling constant g

fixed and performing calculations with or without cold
nuclear matter energy loss will lead to an overall difference
in the magnitude of RAA. We illustrate this in Fig. 5 for
g ¼ 1.9. In the left panel we show the nuclear modification
factor for light hadrons and the right panel contains the
corresponding curves for neutral pions. Solid lines include
CNM energy loss and dashed lines do not.

B. Theoretical predictions for the LHC Pbþ Pb run II

The forthcoming Pbþ Pb run II at the LHC is antici-
pated to be performed at center-of-mass energy per
nucleon-nucleon pair

ffiffiffiffiffiffiffiffi
sNN

p ≃ 5.1 TeV. The higher
center-of-mass energy, combined with improvements at
the LHC and associated detector experiments, will result in
better statistics and data with higher accuracy. In this
section, we present predictions for inclusive charged
hadron and neutral pion production in both central and
midperipheral Pbþ Pb collisions.
We will now outline the differences between the calcu-

lations of charged hadron and neutral pion suppression
factors at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV and
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.1 TeV. At
higher center-of-mass energies the underlying spectra of
energetic partons are slightly harder in the region of
interest, meaning that they have a smaller negative slope.
When convolved with the fragmentation functions in
Eqs. (50) and (51), at higher

ffiffiffiffiffiffiffiffi
sNN

p
smaller momentum

fractions z in the fragmentation functions Dh=cðz;QÞ are
sampled, leading to smaller suppression [18]. The physics

reason for this effect is twofold. On one hand, the
fragmentation functions for light hadrons are falling func-
tions of z and large contributions to the hadronic cross
section must come from small values of z. On the other
hand, the partonic cross sections are falling functions of pTc

and large contributions to the hadronic cross section at
fixed pT of the hadron must come from small allowed
values of pTc

> pT . Since these are competing effects,
there is a probabilistic distribution of z around its mean
finite value. When the partonic spectra are harder they
allow the z distribution to shift to smaller values. Second,
in-medium evolution of the fragmentation functions leads
to additional softening of Dh=cðz;QÞ and the effect is most
pronounced at large values of z, but much less pronounced
at smaller values of z.
At the same time, for fixed parton or hadron transverse

momentum, smaller momentum fractions xa, xb are
probed in the parton distribution functions fa=Nðxa;QÞ,
fb=Nðxb;QÞ, leading to an increased fraction of the hard-
scattered gluons in the final state. The strength of the
leading diagonal terms in the DGLAP evolution equa-
tions (19), (20) is proportional to the quadratic Casimir in
the fundamental (quark) and adjoint (gluon) representa-
tions; see Appendix A. This will lead to larger in-medium
softening of gluon fragmentation functions in comparison
to quark fragmentation functions and, consequently, larger
suppression of the cross section at higher

ffiffiffiffiffiffiffiffi
sNN

p
when the

transverse momentum is held fixed.
Finally, the small growth of the medium density at larger

center-of-mass energies (see Appendix C) will also lead to
larger suppression.
In terms of cold nuclear matter energy loss, we

anticipate that the additional suppression effect for fixed
pT hadron or jet production will be slightly larger at
smaller center-of-mass energies [90]. The effect of cold
nuclear matter energy loss (see Appendix D) is larger
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FIG. 5. Comparison of calculations of the nuclear modification factor of charged hadrons (left) and neutral pions (right) with and
without cold nuclear matter energy loss. Results for central and midperipheral Pbþ Pb collisions are shown for g ¼ 1.9.
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when xa, xb are closer to the kinematic bound. We
emphasize that these competing effects are small and we
will discuss the net result for charged hadron and neutral
pion quenching below.

We present our predictions for the LHC Pbþ Pb run II in
Fig. 6. In the top panels of Fig. 6 the predicted nuclear
modification factor RAA for charged hadrons (left) and
neutral pions (right) in central (magenta) and midperipheral
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FIG. 6. The predicted nuclear modification factor RAA for charged hadrons (left) and neutral pions (right) in central (magenta) and
midperipheral (cyan) Pbþ Pb collisions at the LHC

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.1 TeV is plotted as a function of hadron transverse momentum pT . In top
panels the bands represent a variation of the coupling strength g ¼ 2.0� 0.1 andwe do not include CNMenergy loss effects. In themiddle
panels the coupling is varied g ¼ 1.9� 0.1 andwe do include CNMenergy loss effects. In the bottomwe present the combined results. For
the coupling strength g ¼ 2.0, we again do not include theCNMenergy loss effects. For the coupling strength g ¼ 1.9, we include the usual
CNM energy loss constrained at RHIC, as well as an additional calculation where we assume 50% larger CNM energy loss effects.
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(cyan) Pbþ Pb collisions at the LHC
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.1 TeV are
plotted as a function of the hadron transverse momentum
pT . The bands represent a variation of the coupling strength
g ¼ 2.0� 0.1 and no CNM energy loss effects. The shape
of the nuclear modification factor is very similar to the one
calculated and observed in

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV reactions.
More specifically, in the case of central Pbþ Pb collisions
and charged hadron production without CNM energy loss
at pT ¼ 10 GeV the predicted charged hadron suppression
is 4% larger than for LHC run I. At pT ¼ 100 GeV, the
predicted suppression difference is less than 1%.
The middle panels of Fig. 6 show similar calculations to

the top ones except that the coupling g ¼ 1.9� 0.1 is used
and CNM energy loss effects are included. Compared to the
top panels, this results in a slightly slower increase of the
RAA with pT (more quenching). The nuclear modification
factor calculations once again are very similar to what was
observed at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV. A more quantitative analy-
sis shows that at pT ¼ 10 GeV, the predicted charged
hadron suppression is 3% smaller than for LHC run I. At
pT ¼ 100 GeV, the predicted suppression is 7% smaller.
Our results are consistent with the expectation that CNM
energy loss plays a more important role at higher transverse
momenta.
In the bottom panels of Fig. 6 we show in more detail

what role CNM energy loss may play in inclusive hadron
production. We present scenarios: (1) the calculation with
g ¼ 2.0 in the absence of CNM energy loss, (2) the
calculation with g ¼ 1.9 and CNM energy loss effects
included, and (3) the same as (2) but with 50% larger CNM
energy loss. The motivation for discussing this last case is
that inclusive jet production in pþ A collisions can be
compatible with larger energy loss [90]. We find that the
CNM energy loss effects mainly reduce the slope of the
nuclear modification factor RAA as a function of pT , in
other words, slow down the rise in RAA as pT increases.
With better precision, the future measurements at the LHC
might be able to resolve the relative contribution from the
CNM energy loss and the hot QCD medium effects. It
should be noted, though, that the expected differences are
relatively small.

V. CONCLUSIONS

Recent developments in SCETG, an effective theory for
jet propagation in matter, have allowed for qualitative
advances in understanding particle and jet production in
heavy ion reactions and quantitative control on the
systematic uncertainties that arise from the implementa-
tion of final-state inelastic scattering processes in the QGP
in jet quenching phenomenology. A new theoretical
framework to describe inclusive particle production and
suppression in the heavy-ion environment was laid out in
[18]. Here, we focused on the analytic connection between

the new approach, based upon generalized DGLAP
evolution equations for the fragmentation functions in
dense strongly interacting matter, and the concept of
parton energy loss for hard processes. We found that
the traditional energy loss phenomenology is a special
soft-gluon emission limit of the general QCD evolution
framework. With new results for the medium-evolved
fragmentation functions at hand, we combined them with
initial-state cold nuclear matter effects for applications to
inclusive hadron production in Aþ A reactions and jet
quenching phenomenology.
We compared the nuclear modification factor RAA for

charged hadrons measured by ATLAS, ALICE and CMS
collaborations at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV to our predictions for
central and midperipheral collisions. Overall, we found
very good qualitative and quantitative agreement, which
improves with the inclusion of the cold nuclear matter
effects that make the high pT rise of RAA less steep. In the
case of ALICE, we also compared to the neutral pion data.
We found that even though theoretical predictions and
experimental results still mostly agree within the error bars,
there are qualitative differences in the shape of RAA. Data
appear to show suppression that is flat with pT , albeit in a
limited transverse momentum range. At high pT our theory
predicts smaller suppression, essentially identical to that of
charged hadrons. It will be very illuminating to have π0

RAA’s to much higher pT in the future. From our com-
parison to data we find that the coupling between the jets in
the dense QCD matter created at the LHC is g ¼ 2.0� 0.1
in the absence of CNM energy loss and is g ¼ 1.9� 0.1
when CNM energy loss effects are included.
For the second Pbþ Pb run at the LHC, expected to be atffiffiffiffiffiffiffiffi
sNN

p ≃ 5.1 TeV, we presented predictions for the pT

dependence of the nuclear modification factors for charged
hadrons and neutral pions in central and midperipheral
collisions. We showed that even though at small and
intermediate transverse momenta it is not possible to
differentiate between phenomenological results that
include CNM energy loss and a smaller coupling between
the jet and the medium and the ones that do not include
CNM energy loss but have a larger coupling between the jet
and the medium; such distinction might be possible at high
pT with enough statistics.
Given the need for an accurate theory to describe

reconstructed jet production in heavy-ion collisions beyond
the energy loss approach, a logical next step will be to
incorporate the full SCETG in-medium splitting functions
in the evaluation of jet cross sections [91] and jet sub-
structure observables, such as jet shapes [92]. We leave
these developments for future work.
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APPENDIX A: MEDIUM-INDUCED
PARTON SPLITTINGS

Here, we provide the expressions for the medium-
induced splittings for completeness. The calculation to
first order in opacity takes into account the contribution
from the splitting induced by the interactions along
the trajectory of the parent parton and the dominant
interference with the splitting induced by the large Q2

process. The topology and kinematics are the same for all
the splitting processes. Consequently, all results can be
expressed in terms of universal transverse momentum
vectors A⊥, B⊥, C⊥, D⊥ and interference phases
Ω1;…;Ω5, defined in [14]:

A⊥ ¼ k⊥; B⊥ ¼ k⊥ þ xq⊥;
C⊥ ¼ k⊥ − ð1 − xÞq⊥; D⊥ ¼ k⊥ − q⊥; ðA1Þ

Ω1 −Ω2 ¼
B2⊥

pþ
0 xð1 − xÞ ; Ω1 −Ω3 ¼

C2⊥
pþ
0 xð1 − xÞ ;

Ω2 −Ω3 ¼
C2⊥ − B2⊥
pþ
0 xð1 − xÞ ; Ω4 ¼

A2⊥
pþ
0 xð1 − xÞ ;

Ω5 ¼
A2⊥ − D2⊥
pþ
0 xð1 − xÞ ; ðA2Þ

where pþ
0 ¼ pþ þ kþ and the parent parton has no net

transverse momentum. Recall that x ¼ kþ=pþ
0 and k⊥ is the

transverse momentum of the parton carrying momentum
fraction x relative to the parent parton’s direction.
The expressions for the continuous part of the functions

read

�
dN

dxd2k⊥

�
i
¼ αs

2π2
½Preal

vacðxÞ�i
hiðx; k⊥; βÞ

k2⊥
; ðA3Þ

where i represents one of the four splittings i ¼ q → qg,
q → gq, g → gg, g → qq̄ and ½Preal

vacðxÞ�i is the correspond-
ing vacuum splitting function. Functions hi equal

hq→qgðx; k⊥; βÞ ¼ k2⊥
Z

dΔz
λgðzÞ

Z
d2q⊥

1

σel

dσmedium
el

d2q⊥

�
B⊥
B2⊥

·

�
B⊥
B2⊥

−
C⊥
C2⊥

�
ð1 − cos½ðΩ1 −Ω2ÞΔz�Þ

þ C⊥
C2⊥

·

�
2
C⊥
C2⊥

−
A⊥
A2⊥

−
B⊥
B2⊥

�
ð1 − cos½ðΩ1 − Ω3ÞΔz�Þ þ

B⊥
B2⊥

·
C⊥
C2⊥

ð1 − cos½ðΩ2 −Ω3ÞΔz�Þ

þ A⊥
A2⊥

·

�
D⊥
D2⊥

−
A⊥
A2⊥

�
ð1 − cos½Ω4Δz�Þ −

A⊥
A2⊥

·
D⊥
D2⊥

ð1 − cos½Ω5Δz�Þ

þ 1

N2
c

B⊥
B2⊥

·

�
A⊥
A2⊥

−
B⊥
B2⊥

�
ð1 − cos½ðΩ1 −Ω2ÞΔz�Þ

�
; ðA4Þ

hq→gqðx; k⊥; βÞ ¼ hq→qgðx; k⊥; βÞðx → 1 − xÞ; ðA5Þ

h� g → gg

g → qq̄

�ðx; k⊥; βÞ ¼ k2⊥
Z

dΔz

8<
:

1
λgðzÞ
1

λqðzÞ

9=
;
Z

d2q⊥
1

σel

dσmedium
el

d2q⊥

�
2
B⊥
B2⊥

·

�
B⊥
B2⊥

−
A⊥
A2⊥

�
ð1 − cos½ðΩ1 −Ω2ÞΔz�Þ

þ 2
C⊥
C2⊥

·

�
C⊥
C2⊥

−
A⊥
A2⊥

�
ð1 − cos½ðΩ1 −Ω3ÞΔz�Þ þ

(
− 1

2

1
N2

c−1

)�
2
B⊥
B2⊥

·

�
C⊥
C2⊥

−
A⊥
A2⊥

�

× ð1 − cos½ðΩ1 − Ω2ÞΔz�Þ þ 2
C⊥
C2⊥

·

�
B⊥
B2⊥

−
A⊥
A2⊥

�
ð1 − cos½ðΩ1 −Ω3ÞΔz�Þ

− 2
C⊥
C2⊥

·
B⊥
B2⊥

ð1 − cos½ðΩ2 −Ω3ÞΔz�Þ þ 2
A⊥
A2⊥

·

�
A⊥
A2⊥

−
D⊥
D2⊥

�
ð1 − cos½Ω4Δz�Þ

þ 2
A⊥
A2⊥

·
D⊥
D2⊥

ð1 − cos½Ω5Δz�Þ
��

: ðA6Þ

CHIEN, EMERMAN, KANG, OVANESYAN, and VITEV PHYSICAL REVIEW D 93, 074030 (2016)

074030-16



Here, λqðzÞ, λgðzÞ are the scattering lengths of quarks and
gluons in the medium and ð1=σelÞdσmedium

el =d2q⊥ stands for
the normalized elastic scattering cross section of a parton in
the medium. Even though this quantity varies when the
parton is a quark or a gluon, in the high energy limit, when
the t- channel dominates the elastic scattering, this nor-
malized cross section does not change significantly. The
symmetry of g → gg, g → qq̄ splitting kernels under x →
1 − x is most easily verified explicitly by realizing that the

parton scattering cross section in the medium is invariant
under q⊥ → −q⊥.

APPENDIX B: THE SOFT-GLUON ENERGY
LOSS LIMIT

The energy loss phenomenology, widely used to describe
jet quenching at RHIC and the LHC, is self-consistent only
in the soft-gluon limit. It is instructive to verify that in this
small-x limit only two of the four medium-induced splitting
intensities survive:

x

�
dN
dx

��
q → qg

g → gg

� ¼ αs
π2

�
CF½1þOðxÞ�
CA½1þOðxÞ�

�Z
dΔz
λgðzÞ

Z
d2k⊥d2q⊥

1

σel

dσmedium
el

d2q⊥

×
2k⊥ · q⊥

k2⊥ðk⊥ − q⊥Þ2
�
1 − cos

ðk⊥ − q⊥Þ2
xpþ

0

Δz
�
: ðB1Þ

Note that the fractional intensity is the medium-induced splitting kernel weighed by the large light cone momentum fraction
of the emitted soft gluon and integrated over the available transverse momentum space. The remaining two splitting
intensities g → qq̄, q → gq are suppressed in this limit by a power of the x ≪ 1. Specifically, they go as TR½Oðx=2Þ�,
CF½Oðx=2Þ�. In this limit the interference structure for all medium-induced splitting functions is the same.
Factoring out the vacuum splitting function in the soft-gluon approximation according to Eq. (A3) and using the small-x

limit of the k⊥ unintegrated medium-induced intensities in Eq. (B1) we obtain for both quark and gluon splittings an
identical function hsga:

hsgaðx; k⊥; βÞ ¼
Z

L

0

dΔz
λg

d2q⊥
1

σel

dσmedium
el

d2q⊥
2k⊥ · q⊥

ðk⊥ − q⊥Þ2
�
1 − cos

ðk⊥ − q⊥Þ2
xpþ

0

Δz
�
: ðB2Þ

The medium-induced splitting functions in the soft-gluon
approximation are given in terms of this function in
Eqs. (33), (34) above.

APPENDIX C: NUMERICAL METHODS AND
MEDIUM PROPERTIES

Even though this paper is focused on understanding the
similarities and differences between the energy loss
approach and the treatment of medium-induced parton
splittings on the same footing as the vacuum branchings,
we pay special attention to the numerical approach and the
results are applicable to phenomenology.
We implement the nuclear geometry via a standard

optical Glauber model. The inelastic proton-proton scatter-
ing cross section can be obtained from the Particle Data
Group [93] or directly from measurements. For example,
the value we use at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV is σin ¼ 64 mb, well
within the ALICE 1σ result 62:8þ2.8

−4.0 � 1.2 mb [94]. Forffiffiffiffiffiffiffiffi
sNN

p ¼ 5.1 TeV we use the value σin ¼ 70 mb. In the
plane transverse to the collision axis the hard-scattering
processes are distributed according to the binary collision
density ∼d2Ncoll=d2x⊥. Results relevant to the LHC

phenomenology are calculated using full numerical evalu-
ation of the medium-induced splitting functions. In contrast
to jet production, the medium is distributed according to the
number of participants density ∼d2Npart=d2x⊥. Soft par-
ticles that carry practically all of the energy deposited in the
heavy ion collision cannot deviate a lot from such
scaling. We take into account longitudinal Bjorken expan-
sion since transverse expansion leads to noticeable correc-
tions only in the extreme transverse velocity βT → 1 limit
[95]. In our approach all relevant finite time and finite
kinematics integrals, such as the ones over the separation
between the scattering centers Δzi ¼ zi − zi−1, the brems-
strahlung gluon phase space (kþ, k⊥) and the Glauber
gluon transverse momentum q⊥ distributions are done
numerically.
The evolving intrinsic momentum and length scales in

the QGP expected to be created at the LHC are determined
as follows: we first estimate the QGP formation times at
RHIC and the LHC to be τ0 ¼ 0.5 fm and τ0 ¼ 0.3 fm,
respectively. Gluons dominate the soft parton multiplicities
at the LHC and their time- and position-dependent density
can be related to charged hadron rapidity density in the
Bjorken expansion model [96]:
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ρ ¼ 1

τ

d2ðdNg=dyÞ
d2x⊥

≈
1

τ

3

2

���� dηdy
���� d2ðdNch=dηÞ

d2x⊥
: ðC1Þ

Here, dNch=dη ¼ κNpart=2 where for central Pbþ Pb
collisions κ ¼ 8.25 at

ffiffiffi
s

p ¼ 2.76 TeV and κ ¼ 8.6 atffiffiffi
s

p ¼ 5.1 TeV. Assuming local thermal equilibrium one
finds

Tðτ;x⊥Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
π2ρðτ;x⊥Þ=16ζð3Þ3

q
; τ > τ0: ðC2Þ

The Debye screening scale is given by mD ¼ gT, recall-
ing that we work in the approximation of a gluon-
dominated plasma and Nf ¼ 0. The relevant gluon
mean free path is easily evaluated: λg ¼ 1=σggρ with

σgg ¼ ð9=2Þπα2s=m2
D. In our evaluation we use an effec-

tive coupling between the jet and the medium (for
example g ¼ 2 corresponds to αs ¼ 0.32), but the
QGP-induced bremsstrahlung is calculated with a running
coupling αsðQÞ for the emission vertex. We finally note
that in the medium partons acquire effective thermal mass
and we include it as k2⊥ → k2⊥ þm2

D in the nonasymptotic
temperature regime.

APPENDIX D: IMPLEMENTATION OF
COLD NUCLEAR MATTER EFFECTS

To leading order in the framework of factorized pertur-
bative QCD, in pþ p collisions, leading parton production
can be written as follows:

dσ̂c
dyd2pTc

¼ K
α2s
s

X
a;b;d

Z
dxa
xa

d2kaTfa=Nðxa; k2aTÞ
Z

dxb
xb

d2kbTfb=Nðxb; k2bTÞHab→cdðŝ; t̂; ûÞδðŝþ t̂þ ûÞ: ðD1Þ

Here, s is the center-of-mass energy squared and
Hab→cdðŝ; t̂; ûÞ are the hard-scattering coefficient functions
with ŝ, t̂, û being the usual partonic Mandelstam variables.
A phenomenological K-factor can be included to account
for higher order QCD contributions, but it cancels in
the calculations of the nuclear modification factor.
fa;b=Nðx; k2TÞ are the parton distribution functions with
longitudinal momentum fraction x and transverse compo-
nent kT . We have included this kT dependence in order to
incorporate the Cronin effect in Aþ A collisions. We
assume a Gaussian form in this variable:

fa=Nðxa; k2aTÞ ¼ fa=NðxaÞ
1

πhk2Ti
e−k

2
aT=hk2Ti;

fb=Nðxb; k2bTÞ ¼ fb=NðxaÞ
1

πhk2Ti
e−k

2
bT=hk2Ti; ðD2Þ

where fa=NðxaÞ, fb=NðxbÞ are the usual collinear PDFs in a
nucleon.
In Aþ A collisions we take into account the following

cold nuclear matter effects:
Isospin effect.—It can be easily accounted for on average

in the nPDFs for a nucleus with atomic mass A and Z
protons via

fa;b=AðxÞ ¼
Z
A
fa;b=pðxÞ þ

�
1 −

Z
A

�
fa;b=nðxÞ: ðD3Þ

In Eq. (D3) fa=pðxÞ and fa=nðxÞ are the PDFs inside a
proton and neutron, respectively. The PDFs in the neutron
are related to the PDFs in the proton via isospin symmetry.
Cronin effect.—It can be modeled via multiple initial-

state scatterings of the partons in cold nuclei and the

corresponding induced parton transverse momentum
broadening [14]. If the parton distribution function
fa;b=Aðxa;b; k2a;b;TÞ has a normalized Gaussian form, elastic
scattering induces further kT-broadening in the nucleus as
the parton traverses Leff :

hk2a;TiAA ¼ hk2a;Tipp þ
	
2μ2Leff

λa



ζ;

hk2b;TiAA ¼ hk2b;Tipp þ
	
2μ2Leff

λb



ζ: ðD4Þ

Here kb;T is the transverse momentum component for the
parton prior to the hard scattering, ζ ¼ lnð1þ δp2

TÞ
[30,97], and we choose δ ¼ 0.3 GeV−2; μ2 sets the soft
transverse momentum transfer squared; and λg ¼ CF=CAλq
are the related gluon and quark scattering lengths to
leading order.
Dynamical shadowing.—Power-suppressed resummed

coherent final-state scattering of the struck partons leads
to shadowing effects (suppression of the cross section in the
small-x region) [98]. The effect can be interpreted as a
generation of dynamical parton mass in the background
gluon field of the nucleus [77]. It is included via

xa→xa

�
1þξ2cðA1=3−1Þ

−û

�
; xb→xb

�
1þξ2dðA1=3−1Þ

−t̂

�
;

ðD5Þ

where xa, xb are the parton momentum fractions inside the
target nuclei and c, d are the outgoing partons that rescatter.
ξ2 represents a characteristic scale of the multiple scattering
and ξ2q ¼ CF=CAξ

2
g [98].
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Cold nuclear matter energy loss.—As the partons from
one nucleus undergo multiple scattering in the other
nucleus before the large Q2 process, they can lose energy
due to medium-induced gluon bremsstrahlung. This effect
can be easily implemented as a momentum fraction shift in
the PDFs:

fq;g=NðxaÞ → fq;g=N

�
xa

1 − ϵeff q;g

�
;

fq;g=NðxbÞ → fg;g=N

�
xb

1 − ϵeff q;g

�
: ðD6Þ

Ideally, Eq. (D6) should include a convolution over the
probability distribution of cold nuclear matter energy loss
[86]. However, concurrent implementation of such a
distribution together with the Cronin effect and coherent
power corrections is computationally demanding. The

main effect of the fluctuations due to multiple gluon
emission is an effective reduced fractional energy loss
ϵeff ≈ 0.7hΔE=Ei. We evaluate hΔE=Ei as in [67] and it
also depends on the medium parameters μ2 and λg.
Work is under way to better understand the physics of
initial-state parton showers at lower fixed target energies
versus coherent energy loss at much higher collider
energies [99].
We expect that, at least as an approximation, cold

nuclear matter parameters that enter the evaluation of cold
nuclear matter effects are related. For quarks, the scale of
coherent scattering per nucleon was determined to be
ξ2q ¼ Oð0.1 GeV2Þ. For the default cold nuclear matter
effects used in this paper we set ξ2q ¼ 2μ2=λq ¼
0.08 GeV2 and for the 50% larger nuclear effects
ξ2q ¼ 2μ2=λq ¼ 0.12 GeV2. Inclusion of these cold nuclear
matter effects gives dσ̂CNMc ðpTc

Þ=dyd2pTc
.
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